Vergence insufficiency is frequent in many populations including children with vertigo in the absence of measurable vestibular dysfunction. Orthoptic exercises are typically used to improve vergence and the clinical practice suggests that simple repetition of vergence movements improves it. Objective eye movement recordings were used to asses the dynamics and spatial-temporal properties of convergence (8.7°) and divergence (2.7°) along the midline while these movements were repeated 80 times. Eight children, aged on average 13 years and showing vertigo symptoms accompanied with vergence insufficiency, participated. For both, convergence and divergence the velocity increased and the overall duration decreased; the amplitude of the mean transient component of the response changed significantly. These findings are compatible with models of double mode control of vergence eye movements (transientopen-loop vs. sustained -closed loop). Due to simple repetitions a real improvement in the dynamics of vergence along the midline occurred.
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Introduction
Vergence movements are slow eye movements: the angle between the two visual axes is mainly adjusted to the depth of the target by using visual feedback. Actual models claim for a double control of vergence, with its open-loop (transient) component, being ballistic in nature, while the closed-loop (sustained) component is driven by visual feedback, mainly processing binocular disparity (Collewijn, Erkelens, & Steinman, 1997; Hung, 2001; .
Many people exhibit a weakness in vergence eye movements and usually clinical orthoptic re-education is prescribed to improve vergence performances (von Noorden, 2002) . There are several reports showing vergence insufficiency in children with vertigo in the absence of measurable vestibular dysfunction (Anoh-Tanon, Bremond-Gignac, & Wiener-Vacher, 2000; Brandt, 1999; . Moreover, showed -as van Leeuwen, Westen, van der Steen, de Faber, and Collewijn (1999) did before -that orthoptic vergence training improved the accuracy of all types of eye movements.
Orthoptic rehabilitation typically includes, for example, the pencil pushup treatment which is the cheapest and the most used exercise (e.g. keep fixating the end of a pen that moves toward the nose with the instruction to maintain fusion (Passmore & MacLean, 1957; Scheiman, Cooper, & Mitchell, 2002) . Further, exercises with base out prisms with increasing power or instrument based methods (stereoscope, synoptophore, rotoscope, orthofusor (Passmore & MacLean, 1957) ) can also help to develop progressively the convergence capacity. All these devices provide images with binocular disparity causing double vision that stimulate vergence.
In , objective eye movement recordings were described following sessions of orthoptic training and this re-education decreased the latency and improved the accuracy of vergence, but had no effect on the vergence dynamics, i.e. vergence speed van Leeuwen et al., 1999) . But so far, all reported results were based on objective eye movement measures done before and after an orthoptic re-education. Usually there is neither a time control of the vergence stimuli during orthoptic training itself, nor an objective recording of the eye movements during the actual training. Therefore, the goal of the present study was to apply objective recordings during simple repetition of vergence eye movements in order to assess whether and which parameters change (latency, accuracy or dynamics of their trajectory). Earlier studies showed considerable variability in the trajectory of vergence movements from one trial to the next (Semmlow, Alvarez, & Pedrono, 2007; Semmlow, Hung, & Ciuffreda, 1986 thus, vergence eye movements are typically executed within a broad range of possible trajectories showing typical non-ballistic behavior, in contrast to, for example, the execution of saccades (Findlay & Walker, 1999) . According to these typical observations one could reasonably predict possible changes in the vergence trajectory due to repetition, which is more flexible and adjustable than, for example, saccade trajectories. We were interested to see if the expected changes would affect the open-loop (transient) and closed-loop (sustained) component equally and if they might be the same for convergence and divergence. As a first step, we conducted this study in a group of children with vertigo and clinically assessed vergence problems and before these children start the 12 sessions of vergence training by orthoptists subscribed by the ophthalmologist. Our study aims to assess the potential for modulations of vergence trajectory in a population who needed such changes; we hope to stimulate further research on a variety of populations including controls.
Methods

Children
Eight children, aged from 9 to 16 years (M ± SD: 13 ± 3), participated. These children complained about vertigo, i.e. they felt the environment moving around them or being imbalanced. Such symptoms were usually brief (less then 1 min), but occurred several times during the day. No child had neurological problems or did receive medication.
The eye movement investigation adhered to the principles of the Declaration of Helsinki and was approved by the Human Experimentation Committee of the hospital.
Vestibular examination
Prior to vestibular testing every child underwent a clinical otological, vestibular and neurological examination and hearing tests. Then vestibular evaluation was done with a complete battery of tests: a head impulse test, a caloric test, pendular and earth vertical axis rotation (acceleration/deceleration of 40°/s 2 ) tests with parallel recording of the vestibulo-ocular response (VOR) by electrooculography in order to assess the canal vestibular function; further, the VOR to off-vertical-axis rotation (60°/s constant velocity and 13°tilted axis) and vestibular evoked myogenic potentials (for 750 Hz tone burst, 4 per second, through air or bone, while carefully monitoring the EMG level) were measured to assess the otolith vestibular function (Wiener-Vacher, 2008; Wiener-Vacher, Toupet, & Narcy, 1996) . All participating children showed normal results in all these tests.
Orthoptic examination
All children had normal binocular vision (60 s of arc and better), evaluated with the TNO random dot test. Orthoptic evaluation of vergence (by using prisms and Maddox rod test) revealed vergence abnormalities for all children: distance near point of convergence was 6 ± 1 cm, on average; heterophoria at near viewing showed an absolute mean of 5 ± 3 pD and the range of fusional vergence was limited (at near (40 cm): 29 pD for convergence and 7 pD for divergence; at far (5 m): 16 pD for convergence and 3 pD for divergence). Typical values the distance near point for 13 year old children were reported to amount to about 4 ± 3 cm, on average (Hayes, Cohen, Rouse, & DeLand, 1998) , while fusional ranges typically range at near between 15 pD and 27 pD for convergence and 17 pD and 25 pD for divergence, respectively, and amount at far between 11-17 pD for convergence and 4-10 pD for divergence (Evans, 2002) . All children underwent an orthoptic training for improving vergence capabilities after participating in the present study.
Objective eye movement recording
Horizontal eye movements were recorded simultaneously for both eyes by a photoelectric device (Oculometer, Bouis). This system has a resolution of 2 s of arc and a linear range of ±20° (Bach, Bouis, & Fischer, 1983) . Eye-position signals were low-pass filtered with a cutoff frequency of 200 Hz; after digitalization with a 12-bit analog-to-digital converter, the channels were sampled at 500 Hz. For calibration, 10 saccades to LEDs presented at horizontal separations of ±10°or ±20°were made at the beginning of each block. Stable fixation periods were extracted and a linear function was used to transform eye position signals into degree.
Experimental setup and task
Target-LEDs for vergence were placed at eye level and at viewing distances of 25 cm, 68 cm and 153 cm (see Fig. 1a ). The child's head was stabilized by a forehead and chin support. The children viewed the target LEDs binocularly and were instructed to move their eyes as soon and accurately as possible every time a LED was illuminated.
Each trial started by lighting the intermediate LED (68 cm); after 2.5 s of fixation this LED was turned off and a target-LED (close or far) appeared for 2 s (see Fig. 1a ). Required convergence change amounted to 8.7°while required divergence amounted to 2.7°. In each block, convergence and divergence were randomly interleaved and the children performed 80 trials in four blocks, which were separated by brief rests of 1-2 min.
Data selection and parameter extraction
Analysis methods were similar to those used in prior studies . Briefly, from the separate sig- nals of the two eyes we calculated the vergence movement [left eye-right eye] (see Fig. 1b ) and, following general conventions, we defined convergence as positive values and divergence as negative values. The onset and offset of vergence movements was defined as the time when the vergence signal velocity exceeded or dropped below 5°/s. For each trial we calculated the latency, the amplitude, the overall duration as well as the mean velocity (total amplitude/overall duration) and peak velocity (based on a twopoint central difference algorithm) for the vergence movements.
To estimate the open-loop, i.e. transient, component of vergence for a first analysis of the overall changes due to repetition we measured and analyzed the amplitude after the first, initial 80 ms of the vergence movement. In order to reduce trial-to-trial variability we also averaged all parameters within serial bins of 10 trials, following the serial number of repetition. Generally, the effect of repetition was then calculated across the sequence of serial bins. Eye movements that were made in wrong directions or contaminated by blinks were rejected. Lee, Chen, and Alvarez (2008) .
For all trials, we detected saccadic intrusions by defining the saccade onset as the time when the velocity of the version ((left eye + right eye)/2) signal exceeded, or dropped below, respectively, 10% of the saccadic peak velocity (see, for example, . For these saccades we calculated the saccade amplitude; we also extracted the change in vergence between saccade on-and offset, i.e. we calculated the disconjugacy of each saccade and described it as percentage of the actual saccade amplitude.
Statistical analysis
In order to account for changes in the data due to repetition, we used a linear mixed-effects model (lmer from package lme4 (Pinheiro & Bates, 2000; Venables & Smith, 2001 ) in R-DevelopmentCore-Team (2008)). Generally, linear mixed-effects models are based on maximum likelihood methods and commonly used in many areas (Baayen, Davidson, & Bates, 2008) . One advantage of following a mixed effect approach in data analysis is that these models loose less statistical power when dealing with unbalanced designs; classical drawbacks in, for example, ANOVAs (like missing values or repeated observations) can be eliminated by the use of mixed effects models for parameter estimations (Baayen et al., 2008) . The statistical package R provides reliable algorithms for mixed effect parameter estimations as well as tools for their evaluation (West, Welch, & Gallechki, 2007) : the p values and confidence intervals were estimated by using posterior distributions for the model parameters obtained by Markov Chain Monte Carlo sampling, including typically a sample size of 10,000 (see for example, Baayen et al., 2008) .
In our present analysis we used all extracted vergence parameters as dependent variable in separate model estimations and included only the binned trials (as means of repetition) as independent variable into the regression analysis. As stated above, mixed effects models explain data as effects on the 1st and 2nd order statistics with respect to covariates and grouping structures. The covariate in our analysis was the binned trails, and the grouping factor represented the children. In other words, we defined the binned trials, i.e. the repetition, as fixed effect while children were treated as random effect (i.e., individual differences in the intercept were taken into account). We will state the estimated coefficient with its standard error (SE), the t-value and the p-value for each effect of repetition; further, for the main results we will provide tables including all model parameters as well as estimated confidence intervals for the fixed effects of repetition.
Results
Time parameters of the convergence and divergence
Qualitatively, as can be seen in Fig. 2 , the trajectory of the vergence eye movements changed due to repetition.
In detail, the average (±SD) latency for convergence was 153 ms (±39) and did not change significantly with repetition (coef. Further, the overall duration of the vergence movement changed with repetition: for convergence the overall duration decreased by about 170 ms from the first to the last repetitions (coef. (±SE): À2.13 (±0.39); t = À5.38, p < 0.01). For divergence the decrease of overall duration from start to end was 182 ms (coef. (±SE): À2.29 (±0.73); t = À3.12, p < 0.01); note that the duration of the divergence movement was longer than for convergence (M ± SD: 598 ± 174 ms and 435 ± 187 ms, respectively). The parallel regression lines for convergence and divergence in Fig. 4a reflect a similar decrease in movement duration for both vergence movements with repetition. Table 1 summarizes the mixed effects model parameters for velocity and duration measures, including the estimated confidence intervals for convergence (Table 1a) and divergence (Table  1b) , respectively. (Note that for the significant changes with repetitions the estimated confidence intervals of the estimated coefficients did not include zero; for non-significant changes due to repetition, the confidence intervals clearly covered a range of estimated coefficients including zero.)
Saccade intrusions
It is well known that saccade intrusions occur frequently during vergence -particularly at the beginning of the trajectory (Coubard & Kapoula, 2007; Semmlow, Chen, Pedrono, & Alvarez, 2008) . For our experiment the number of saccade intrusions did not change: the children made 3-8 saccades within every 10 trials of convergence or divergence; these rates did not change with repeating convergence (coef. (±SE): À0.01 (±0.01); t = À0.88, p = 0.38) or divergence (coef. (±SE): À0.01 (±0.01); t = À0.90, p = 0.37), respectively. Moreover, the amplitude of the saccadic intrusions did not change with repetition: for convergence movements the average saccade amplitude was 1.64°(±0.52) and it was not affected by the number of trials (coef. (±SE): À0.001 (±0.002); t = À0.69, p = 0.49); average saccade amplitude was 1.09°(±0.41) for divergence movements and it was also not affected by the number of trials (coef. (±SE): À0.001 (±0.002); t = À0.63, p = 0.55). We ran a separate mixed-effect model including vergence direction as additional fixed effect. Interestingly, the mean amplitude of the saccade intrusions was significantly smaller for divergent eye movements (coef. (±SE): À0.54 (±0.08); t = À6.49, p < 0.01).
Analysing the saccade disconjugacy, i.e. the change in vergence between saccade on-and offset for the saccade intrusions, showed that the saccade disconjugacy amounted to about 7% of the saccade amplitude, on average, which was comparable to previous reports for children with vertigo (see, for example, . The saccade disconjugacy for the saccade intrusions did not change with repetition, neither for con- Lines represent the regressions for convergence (solid lines) and for divergence (broken line), respectively; in these regressions estimated parameters of the mixed effects models where used and therefore, the lines serve illustration purposes only. As described in detail in Section 3, (a) mean velocity changed significantly for convergence while (b) peak velocity changed significantly for divergence. Fig. 2 . Traces of convergent and divergent eye movements (deg) for a representative selection from the first trials (a) and the last trials (b) of the complete data set; thus, the figure contains 10 example traces from each child collected during the first and last trials of the measurement session. The gray lines mark the intended vergence change for both, convergence and divergence, respectively. 
Amplitude parameters of convergence and divergence
Considering the amplitude of convergence and divergence no change with repetition could be observed (convergence (coef. (±SE): À0.01 (±0.01); t = À1.27, p = 0.21) and divergence (coef. (±SE): À0.002 (±0.003); t = À0.77, p = 0.44)). The average convergence amplitude amounted to 7.1°(±2.2) and did not completely reach the required amount of 8.7°. The average divergence amplitude amounted to À2.4°(±0.8) and was also less then the required 2.7°for divergence.
In contrast, the amplitude of the initial (i.e. open-loop, estimated 80 ms after movement onset) component changed significantly with repetition, -for both, convergence (coef. (±SE): 0.01 (±0.006); t = 2.24, p = 0.02) and divergence (coef. (±SE): 0.005 (±0.001); t = 3.21, p < 0.01; see Fig. 4b ). For convergence the amplitude of the initial component increased on average by 1.1°from the first to the last trials, while it increased only by 0.4°for divergence. Table 2 summarizes the mixed effects model parameters for the amplitude of the initial vergence component, including the estimated confidence intervals for convergence (Table 2a) and divergence (Table 2b ), respectively. Fig. 5 shows peak velocity and duration of the vergence openloop component for the first and the last 10 trials as function of its amplitude; as can be seen, the change in the peak velocity vs. amplitude relationship was directly visible for divergence while it was almost absent in convergence. Further, shorter duration times for the last 10 trials of the repetitions were found almost across the whole range of vergence amplitudes, both for convergence and divergence.
Main sequence for vergence eye movements
Discussion
Simple repetition of vergence eye movements modified their spatio-temporal properties differently: the convergence and divergence movements were speeded up (higher velocities) and the amplitude of their initial, transient component increased, while the latency and the total amplitude of the vergence movements remained the same. Other studies (Takagi, Oyamada, et al., 2001; Takagi, Trillenberg, & Zee, 2001 ) reported a similar improvement of the efficiency of the vergence movement using a double-step paradigm. In contrast to a saccadic eye movement, which trajectory is optimized and its execution is completely open-loop, i.e. not based on any visual feedback, vergence eye movements along the midline are slow and their trajectory variable from one trial to the next (Semmlow et al., 1986 (Semmlow et al., , 2007 ; furthermore, their execution is controlled at least partially in a closed-loop manner by ongoing processing of residual binocular disparity. In the present study we showed that simple repetition caused changes mainly in the open-loop components of the vergence movements. Moreover, for convergence the mean velocity increased while for divergence the peak velocity increased. It is well known that eye movement peak velocity is related to the discharge of phasic velocity cells of the eye movement generators, while mean velocity depends on both, phasic and tonic cell activity (Leigh & Zee, 2006) . We speculate that repetition improved the activation of both, tonic and phasic-tonic velocity cells (located in the mesencephalic reticular formation (Mays, Porter, Gamlin, & Tello, 1986) ), and consequently convergence and divergence was speeded up. Reciprocally we found a systematic decrease for overall movement duration. Analyzing the main sequence of vergence eye movements showed a relation between peak velocity and duration as function of the vergence amplitude at the end of the repetitions that resembled more typical observations reported previously (see for example, Yun Lee et al., 2008) . Furthermore, since the main sequence for vergence has been found to be constant under a variety of viewing conditions (Hung, 2001) , the observed change suggested also that repetition directly might work effectively on basic aspects of the vergence motor response. As mentioned before, earlier studies (see, for example, Semmlow et al., 1986) showed considerable variability in the trajectory of vergence movements from one trial to the next, which was apparently specific to the vergence movement -in contrast to saccades which had stereotyped trajectories. It was this vergence trajectory variability that led these authors to suggest the double-mode control model of vergence -with a first, transient and open-loop component and a second sustained component, controlled by visual feedback (Semmlow et al., 2007) . More generally, the effectiveness of repetition to modulate the trajectory can be discussed on the basis of these models of vergence claiming for a double control of vergence (Collewijn et al., 1997; Hung, 2001; Semmlow, Yuan, & Alvarez, 1998; Semmlow et al., 1994) . Our data showed a modification only in the initial, transient, component of the vergence movement for both, convergence and divergence. We speculate that cortical areas like the occipital-parietal frontal areas (Leigh & Zee, 2006) Note: SE = standard error; SD = standard deviation. are activated for the localization of a target in depth could profit from repetition as well as the superior colliculus and the vergence generator in the brainstem (the latter ones both processing vergence signals (Leigh & Zee, 2006) ). The characteristics of the closed-loop, sustained, component did not change. We would like to highlight that the contamination of vergence trajectories by saccadic intrusions (Coubard & Kapoula, 2007; Semmlow et al., 2008) did not change with repetition. Neither the frequency of saccades nor their amplitude changed with repetition. Thus, the observed increase of vergence speed, i.e. velocity, was not simply due to an increase in the number or amplitude of saccade intrusions.
Repetition of vergence eye movement is the basis of clinical practice and such clinical training is widely used for children, adults and elderly people. It is assumed that somehow repetition improves the vergence movements but this remains to be objectified. In adults, Ciuffreda et al. (2007 Ciuffreda et al. ( , 2008 reported recently persistent problems in vergence following mild brain injuries. Interestingly, orthoptic exercises were found to be effective in reducing the symptoms. In sum, clinical practice on several populations suggests indirectly that repetition of vergence movements (regardless of the way they are stimulated: pencil pushups, prisms, synoptophor, etc.) led to a reduction of symptoms and an improvement of vergence movements. Yet, to the best of our knowledge, we show a first objective data-set of testing changes in vergence in their spatio-temporal parameters during the course of the training.
One should note that, as for previous studies , all reported observations concern the specific population of children with vertigo who typically show vergence insufficiency. Future research on other populations with and without specific problems in vergence might prove the generalizability of the reported effects of repetition on vergence trajectories.
